Abstract Hepatitis virus infection is a leading cause of chronic liver disease, including cirrhosis and hepatocellular carcinoma (HCC). Although anti-viral therapies against hepatitis B virus (HBV) and hepatitis C virus (HCV) have dramatically progressed during the past decade, the estimated number of people chronically infected with HBV and/or HCV is *370 million, and hepatitis virus-associated hepatocarcinogenesis is a serious health concern worldwide. Understanding the mechanism of virus-associated carcinogenesis is crucial toward both treatment and prevention, and the recently developed whole genome/exome sequencing analysis using next-generation sequencing technologies has contributed to unveiling the landscape of genetic and epigenetic aberrations in not only tumor tissues but also the background liver tissues underlying chronic liver damage caused by hepatitis virus infection. Several major mechanisms underlie the genetic and epigenetic aberrations in the hepatitis virus-infected liver, such as the generation of reactive oxidative stress, ectopic expression of DNA mutator enzymes, and dysfunction of the DNA repair system. In addition, direct oncogenic effects of hepatitis virus, represented by the integration of HBV-DNA, are observed in infected hepatocytes. Elucidating the whole picture of genetic and epigenetic alterations, as well as the mechanisms of tumorigenesis, will facilitate the development of efficient treatment and prevention strategies for hepatitis virus-associated HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most unfavorable malignancies worldwide. It is currently the second leading cause of cancer-related deaths, with an estimated 500,000-600,000 deaths/year [1] [2] [3] . To date, multidisciplinary strategies for HCC treatment include surgery, radiofrequency ablation, transarterial chemoembolization, and molecular targeting therapy [4] [5] [6] [7] [8] [9] . The multi-centric manner of tumorigenesis that is characteristic of HCC development, however, makes it extremely difficult to achieve curative therapy for HCC. Indeed, most HCC patients experience several cancer recurrences, even after local curative treatment by either surgical resection or radiofrequency ablation [4, 10, 11] . As a result, the overall survival rate is very poor in patients with multiple HCCs [5, 12, 13] .
HCC has a diverse etiology; viral infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), alcohol intake, non-alcoholic steatohepatitis, or aflatoxin. Among them, viral hepatitis is the major cause of HCC in Japan and East Asian countries [2] . HCC frequently develops in the setting of chronic hepatitis and/or cirrhosis following HCV and/or HBV chronic infection. The development of anti-viral therapies against hepatitis viruses has rapidly progressed during the past decade. Suppression and/or eradication of hepatitis virus could contribute to reduce the incidence of HCC, but multicentric tumors often develop in patients after clearance of the infecting viruses [14, 15] . Thus, virus-associated hepatocarcinogenesis continues to be a serious matter, and elucidation of the mechanism of virus-associated carcinogenesis in the liver is urgently needed.
Genetic aberrations including nucleotide alterations and structural variations (STVs), as well as epigenetic changes, including DNA methylations and histone modifications, are accumulated in cancer cells [16] [17] [18] . The accumulation of several genetic alterations is essential for the transformation of normal cells into cancer cells, and epigenetic changes provide additional malignant potential. The recent development of the next-generation sequencing technologies provides novel strategies for analyzing the human genome and epigenome. Use of these new technologies has gradually begun to unveil the landscape of genetic and epigenetic aberrations of a variety of human tumors, including HCC [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In this article, we review the recent findings concerning genetic and epigenetic aberrations that accumulate during the development of hepatitis virus-associated HCC.
Trends in HCV-related liver disease; possibility of HCC development after viral eradication More than 130 million people are estimated to be infected with HCV worldwide [31] . In the natural course of persistent viral infection, approximately 20-30 % of the patients develop liver cirrhosis within 20-30 years after HCV infection [32] , and the estimated incidence of HCC in patients with HCV-associated liver cirrhosis is 1-8 % per year [33] [34] [35] . A number of studies reported the risk factors of HCV-related HCC development, including the level of fibrosis/cirrhosis present at diagnosis, alfa-fetoprotein levels, alanine aminotransferase levels, sex, age, platelet count, and HCV RNA levels [36] [37] [38] . Multicentric tumorigenesis, a major characteristic of HCV-associated HCC, makes curative treatment for HCC difficult, leading to high mortality.
Conventional anti-HCV therapy is based on treatment regimens that include interferon (IFN), but the sustained virological response (SVR) rate is insufficient, and the indications of IFN-based therapy are limited due to adverse effects [39] . Since 2011, new drugs targeting HCV proteins, so-called direct-acting antivirals (DAAs), have been introduced to clinical practice, which have dramatically improved the SVR rate [40] [41] [42] [43] . To date, IFN-free regimens with DAAs have become the standard anti-HCV therapy, and the current regimens can eradicate HCV with a success rate greater than 95 % [44] [45] [46] [47] [48] .
Although several clinical studies have demonstrated that eradication of HCV with IFN-based regimens results in the suppression of liver carcinogenesis [49] [50] [51] , HCC can still develop after viral eradication. Indeed, the 5-year HCC incidence after SVR by IFN-based antiviral therapy for HCV-related chronic liver disease is 2.3-8.8 % [52] . Although the cancer incidence appears to be lower in SVR patients than in patients that do not receive anti-HCV therapy, these results indicate that eradication of HCV by IFN-based therapy does not completely suppress liver carcinogenesis in patients with chronic HCV infection [53] . On the other hand, DAAs eradicate HCV through very different mechanisms compared with the IFN-based regimen, and it has not been clarified whether clearance of HCV by DAAs can fully suppress the development of HCC. Of note, more than 20 % of HCV-positive patients who received DAA treatment after curative therapy for local HCC experienced HCC recurrence [54] . Thus, the efficacy of HCV eradication by DAA regimens for the prevention of HCC remains unclear, and accumulating evidence suggests that a subset of patients receiving DAA therapy, especially older people and those with cirrhosis, could develop HCC after achieving SVR [55] , which would be one of the most significant problems in HCVrelated hepatocarcinogenesis in the coming decade.
Trends in HBV-related liver disease; persistent viral infection and HCC development HBV [56] . HBV infection is a main risk factor for HCC development in the Asian-Pacific region and Africa, and recent estimates attribute over 50 % of HCC cases worldwide to HBV infection [2, 57] . Noteworthy is that HBVpositive patients develop HCCs at a relatively younger age compared with HCC cases related to alcohol, nonalcoholic steatohepatitis (NASH), and HCV. In addition, up to onethird of HBV-related HCC patients develop tumors without cirrhosis [57, 58] , and even carriers of inactive HBV whose serum alanine aminotransferase levels are within the normal range are also at substantial risk for HCC compared with individuals without HBV infection [59] . Moreover, high serum HBV DNA level is a strong risk predictor of HCC [60] . These findings suggest that HBV infection itself has oncogenic potential and HCC could develop in HBVinfected liver lacking active inflammation and the resultant liver damage and/or fibrosis.
Anti-HBV treatment is based on pegylated-IFN and nucleotide analogues such as entecavir and tenofovir, both of which efficiently suppress HBV replication [61] [62] [63] [64] [65] [66] . Several studies demonstrated the efficacy of anti-HBV therapies for suppressing the incidence of HCC. For example, IFN therapy inhibits the development of HBVrelated HCC and extends survival time. One study reported that the cumulative incidence of HCC development is significantly lower in patients treated with IFN than in those who are not treated (1.5 vs. 11.8 % during a 11.5-year follow-up period), and the cumulative survival rate through the 10th year was 98 % in patients treated with IFN in contrast to 57 % in those not treated with IFN [67] . Nucleotide analogues also suppress the viral load, resulting in decreased cancer incidence. For example, HCC developed in 3.9 % of patients receiving lamivudine and 7.4 % of those with placebo treatment during a median period of 32.4 months (hazard ratio, 0.49) [64] . In addition, nucleotide analogues are effective for decreasing HCC recurrence after curative therapy against the primary tumor [68] . These findings suggest that suppressing HBV replication by anti-HBV therapies is basically effective for reducing the cancer incidence, but it is important to note that anti-HBV therapy cannot achieve complete eradication of viruses from infected individuals.
HBV infection persists in the liver even after the disappearance of hepatitis B surface antigens (HBsAg) in individuals with previous exposure to the virus, retaining the serologic footprint of anti-HBc positivity, with such a status defined as occult HBV infection. Occult HBV carriers can develop HBV reactivation and liver dysfunction under certain immunosuppressive conditions [69, 70] . The formation of covalently closed circular DNA is considered due to the persistent HBV infection in hepatocytes in individuals after seroconversion from HBsAg to anti-HBs [71] . That is, occult HBV infection could be maintained as an episomal form in the liver tissues of patients even after circulating HBV-DNA becomes undetectable following anti-HBV therapies. In addition to the latent continuous infection of HBV in an episomal form, the HBV genome could also be frequently integrated into the host genome, thereby preventing its eradication by anti-HBV therapies. Due to these specific features of HBV infection, HCC could develop in patients negative for serum HBV-DNA and/or HBsAg, irrespective of the efficacy of anti-viral therapies.
Genetics of hepatitis virus-related HCC
Represented by the novel achievements of the International Cancer Genome Consortium (ICGC), which coordinates large-scale cancer genome studies of various human cancers that are of clinical and societal importance across the globe [72] , vast amounts of information concerning genetic aberrations in tumor tissues has been accumulated worldwide [19-30, 73, 74] . Whole genome sequencing analyses revealed more than 9000 point mutations per human HCC sample [73] , and somatic mutations are detected in approximately 40-80 protein-coding genes in HCC [19, 28, 75] . Mutations in the telomerase reverse transcriptase (TERT) promoter are the most prevalent in hepatitis virus-related HCC. In particular, more than 60 % of HCV-related HCCs possess TERT promoter mutations [25, 76] . These mutations might lead to telomerase reactivation, allowing cells to avoid death and acquire malignant potential.
Whole genome/exome analysis demonstrated that TP53 and CTNNB1 are the most frequently mutated coding genes, and chromatin modulators, including ARID1A and ARID2, are also recurrently mutated in HCC [24, 25, 73] . In addition, somatic mutations are detectable in a variety of genes with various oncogenic pathways, including telomere maintenance, Wnt signaling, p53/cell cycle, oxidative stress, epigenetic regulator, PI3 K-AKT-mTOR, MAPK, JAK/STAT, and hepatic differentiation [25] . These findings suggest that HCC is not caused by one particular driver mutation, but involves several carcinogenic pathways, making HCC extremely heterogeneous [19, 24, 77] . Interestingly, correlations between mutations of two different genes and/or pathways have also been examined in HCC tissues. For example, TERT promoter mutations tend to co-occur with aberrations of the Wnt signaling pathway, including CTNNB1 mutation [19] , while genetic alterations in CTNNB1 and AXIN1 are mutually exclusive [28] . Analysis of this genome sequencing information in association with the clinical course of each HCC patient revealed that HCC patients with TERT promoter mutations or TP53 mutations have significantly poorer survival [73, 74] .
Recent whole genome analyses involving a vast number of HCC patients enabled the exhaustive detection of genetic alterations in not only coding regions, but also noncoding regions. While the most well known alterations in non-coding regions are TERT promoter mutations, a recent study revealed alterations in promoters of other genes, including TFPI2. They also showed mutations in several long intergenic noncoding RNA, including NEAT1 and MALAT1, and untranslated regions of chromosomes [73] .
On the other hand, several studies elucidated the landscape of mutation signatures observed in various human cancers. While C [ T changes are prevalent in various sorts of gastrointestinal tumors [78] , HCC due to chronic HCV infection frequently exhibit T [ C changes along with C [ T changes [19] . A recent Japanese study of 268 HCCs, including 159 HCV-related and 82 HBV-related HCCs, determined seven characteristic mutational signatures suggesting that background factors, such as aging, smoking, or alcohol intake, correlate with particular mutation signatures. In addition, some major genetic alterations are related to specific mutational patterns. For example, significant correlations were demonstrated between T [ C changes and TERT promoter mutation, C [ T changes and mutations in ARID family genes, and C [ A changes and TP53 mutations [73] .
Not only single nucleotide variants but also STVs of chromosomes are detected in hepatitis virus-related HCC tissues. STVs are various structural alterations of chromosomes, including translocation, deletion, and tandem duplication. Broad genomic gains at 1q, 5p, 6p, 8q, 17q, 20q, and Xq, as well as deletions at 1p, 4p-q, 6q, 8p, 13p-q, 16p-q, 17p, 21p-q, and 22q have been identified in HCC [19, 21, 28, 79, 80] . These changes cause focal amplifications in cancer-related genes such as VEGFA and FGF3/4/19/ CCND1. Interestingly, the amplification of these genes is reported to be associated with a good response to the multikinase inhibitor sorafenib [81, 82] . On the other hand, STVs affect the expression of cancer-related genes [73] . For example, expression of the tumor suppressor gene APC is decreased by translocation, deletion, or inversion of chromosomes. Not only point mutations but also STV breakpoints are detected in well-known driver genes, including TERT, ARID1A, ARID2, and PTEN, in HCC tissues [73] . These studies suggest that STVs contribute to liver carcinogenesis by increasing the expression of oncogenes and/ or decreasing the expression of tumor suppressor genes.
Integration of the viral genome
Integration of the HBV genome into host genomic DNA is thought to be involved in the development of HBV-related HCC [57] . HBV integration is considered to be an early event in HBV infection, and might give hepatocytes a growth advantage relative to the clonal cell population. Recently, whole genome sequencing revealed that the HBV genome is integrated in approximately 80 % of HBV-related HCCs [73] . On average, 2.5 HBV integration sites per HBV-positive HCC sample are identified by whole genome sequencing, and the HBx gene is the most prevalent among the integrated HBV genes [73] .
HBV integration sites in the host genome might be crucial for dysregulating cell homeostasis. The evidence that the HBV genome is inserted into human genes was first demonstrated by the detection of chimera genome sequences formed by the HBV genome and RARB (retinoic acid receptor b) or CCNA genes [83, 84] , and thereafter other genes were identified as target genes affected by the integration of the HBV genome. Among various integration sites, HBV integrations are reported to occur most prevalently at the promoter and gene body of the TERT gene (18-22 %) . HBV also recurrently integrates into the following cancer-related genes: MLL4, CCNE1, SENP5, ROCK1, or SOX2 [73, 74, 85] . HBV integration does not promote HBV replication, while integration into the gene body or promoter region of a cancer-related gene could lead to both altered expression of the target gene and genomic DNA instability. For example, HBV integration into the TERT promoter conspicuously increases TERT expression compared with point mutations of the TERT promoter region [73] . Interestingly, HBV integration into the TERT promoter is mutually exclusive with point mutations and STVs of TERT in HBV-related HCC [73] . In addition to the protein-coding genes, recurrent HBV integration sites are also detected within or near repetitive, non-coding sequences, such as long interspersed nuclear elements (LINEs), Alu (named after the restriction enzyme specifically cutting those sequences), other short interspersed nuclear elements, and the long terminal repeats of endogenous retroviruses. HBV integration into the LINE1 sequence results in the generation of an HBx-LINE1 chimeric transcript, which was detected in 21 of 90 (23 %) tumors of HBV-related HCC patients and is significantly associated with poor survival of HCC patients [86] .
Recently, an integrated viral genome other than HBV was newly identified in tumor samples from HCC patients. In 2015, Nault et al. first reported that the adeno-associated virus 2 (AAV2) genome was integrated into the host genome in *5 % HCC samples [87] . AAV2 is a defective DNA virus that does not possess replicative ability by itself and is integrated into the human genome in a quiescent state, suggesting that the integrated viral genome itself might be non-pathogenic [88] . Interestingly, AAV2 integration was detected in TERT, KMTB2, CCNA2, and CCNE1-the same genes affected by HBV integration, and also in other cancer-related genes, including TNFSF10 coding TRAIL (TNF-related apoptosis-inducing ligand) . The expression levels of several cancer-related genes in which AAV2 integration occurred are significantly elevated in HCC tissues. Fujimoto et al. also demonstrated AAV2 genome integrations in three HCC samples by analyzing whole-genome sequencing reads unmapped to the human genome [73] . All three samples were hepatitis virus-associated HCCs and the integration sites were detected in introns of KMT2B and CCNE1, and an intergenic region on chromosome 5. KMT2B is a chromatin regulator and CCNE1 is associated with cell cycle regulation. The coincidence of HBV integration and AAV2 integration was observed in one HCC sample in which elevated expression of KMT2B was detected [73] . Although AAV2 is used for gene introduction because of its nonpathogenic nature, these recent findings suggest that AAV2 is a new candidate pathogenic virus related to human HCC, in addition to HBV and HCV [89] .
Epigenetics of hepatitis virus-related HCC
DNA modifications, such as DNA methylations and histone modifications, could control the expression of genome information without nucleotide changes [17] . Representative alterations of DNA methylation associated with carcinogenesis include focal hypermethylations of CpG islands of the tumor suppressor genes, leading to their inactivation, and genome-wide hypomethylation, resulting in genome instability. Various alterations in DNA methylation, focal hypermethylation of specific genes, and global hypomethylation of genomic DNA, are observed in hepatitis virus-related HCC and could affect the expression level of tumor-related genes [90] . Commonly hypermethylated genes in human HCC include RASSF1A, p15, p16, SOCS1, SOCS3, and RB1, which are involved in important biologic processes, such as cell cycle regulation, apoptosis, and cell growth [91] . Shen et al. analyzed the pathways of hypermethylated or hypomethylated genes using 62 pairs of human HCC tumors and adjacent non-tumor tissues, and reported that expression levels of tumor-related genes belonging to G protein, phosphatidylinositol-3-kinase, interleukin, insulin-like growth factor, and Wnt signaling pathways are affected by DNA methylation [92] . Tao et al. analyzed the DNA methylation status in single hepatocytes isolated from the tumor tissue of HBV-related HCC patients, and demonstrated that DNA methylations induce abnormalities in cell function, including cell adhesion and apoptosis [93] .
Interestingly, genomic analysis identified various genetic alterations of epigenetic modifiers in human cancers, including DNA methyltransferases (DNMTs) regulating DNA methylation, EZH2 coding histone methyltransferase of H3K27, and SNF5 participating in chromatin remodeling [16, 94] . HCC tissues contain mutations of genes essential for maintaining the chromatin structure, including ARID1A, ARID1B, ARID2, and MLL4 [25] . Mutations of these epigenetic modifiers lead to profound epigenetic changes, including aberrant DNA methylation, histone modifications, and nucleosome positioning [16] , resulting in abnormal gene expression and genomic instability, which may predispose to HCC development.
DNA methylations correlate with the transcription of not only protein-coding genes, but also non-coding RNA, such as microRNA and long noncoding RNA. MicroRNAs are short noncoding RNA molecules that post-transcriptionally repress gene expression, and a number of microRNAs are reported to correlate with cancer development through modifications of gene expression [95] . A recent study demonstrated that abnormal hypermethylation suppresses the transcription of various microRNAs, followed by dysfunction of intracellular signaling pathways. For example, abnormal methylation of the HOXB4 gene leads to the inactivation of miR-10a, resulting in the activation of the NFjB signaling pathway in human HCC tumor tissues [96] . In addition, methylation-mediated repression of several microRNAs correlates with tumor aggressiveness of human HCC [97] [98] [99] .
On the other hand, hypomethylation specific to cancer tissue is observed in some genes [100] . To date, several hypomethylated genes have been detected in HCC [91] , while mega-scaled hypomethylated CpG islands exist in nearby telomeres and centromeres of chromosomes [100] . In addition, LINE-1, a retrotransposon, is hypomethylated in various types of cancer, and is considered to play an important role in carcinogenesis [101] . In HCC, global DNA demethylation is also detected in LINE-1 and other repeated genome sequences, including IAP, Alu, and SAT, contributing to the putative enhanced instability of genomic DNA [102] .
Interestingly, methylation status differs between HBVand HCV-related HCCs [90, 103, 104] . Several genes, including HOX9, RASSF1, and SFRP1, are methylated more frequently in HBV-positive HCC, while methylation of CDKN2A is highly prevalent in HCV-positive HCC [103] . Methylation analysis of gene promoter regions revealed that the methylation of 15 cancer-related genes belonging to RAS/RAF/ERK or Wnt/b catenin pathways are specific to HCV-positive HCC patients [105] .
Genetic alterations accumulated in hepatitis virusinfected liver
Inflammation-associated cancers include not only hepatitis virus-associated HCC, but also gastric cancer arising from Helicobacter pylori-associated atrophic gastritis and colitic cancer arising from inflammatory bowel disease. A common characteristic of these inflammation-associated cancers is multicentric tumorigenesis, suggesting that the genetic aberrations required for malignant transformation widely accumulate in noncancerous inflamed tissues [18, 106] . Consistently, several studies have demonstrated various mechanisms underlying the enhanced genetic instability caused by hepatitis virus infection and the resultant inflammatory response (Fig. 1) .
Oxidative stress mediates genetic aberrations in inflamed tissues. Reactive oxygen species (ROS) and reactive nitrogen species are considered potential genotoxic factors [107] . Reactive oxygen and nitrogen species induce various types of DNA damage, including point mutations, DNA adducts, and single-or double-stranded DNA breaks [108, 109] . One of the main DNA adducts, 8-oxo-2 0 -deoxyguanosine, formed by oxidative stress could be involved in DNA damage [107] . As hepatocytes carry out many metabolic reactions, ROS are generated on a routine basis in the liver [110] [111] [112] . ROS generation is increased in patients with chronic liver diseases, including HCV-related hepatitis [113, 114] . A viral protein produced by HCV increases the expression of ROS [115] [116] [117] [118] . In addition, HCV infection inhibits DNA repair through the production of ROS and reactive nitrogen species by interfering with the ATM-NBS1/Mre11/Rad50 DNA repair pathway in hepatocytes [119] .
Nucleotide editing enzymes, the apolipoprotein B editing complex (APOBEC) family of proteins, are suggested to be involved in the induction of genetic alterations in various human malignancies. Among APOBEC family proteins, activation-induced cytidine deaminase (AID) plays a role as a DNA mutator enzyme and is associated with inflammation-related carcinogenesis [106, [120] [121] [122] . Under physiologic conditions, AID is ordinarily expressed in activated B-lymphocytes, and is required for somatic hypermutation and class-switch recombination of immunoglobulin genes [123, 124] . AID is induced in human hepatic, gastric, and biliary epithelial cells, however, in response to pro-inflammatory cytokines and or pathogen infections such as HCV [125] . Consistently, AID expression is observed in hepatocytes of chronically inflamed HCV-infected liver, while AID expression is not observed in normal liver tissues [126, 127] . In vivo studies revealed that constitutive AID expression promotes tumorigenesis by enhancing the susceptibility to mutagenesis in a variety of epithelial organs, including the liver [125, 128, 129] . These findings suggest that chronic inflammation caused by HCV infection triggers the aberrant upregulation of AID in hepatocytes, leading to the genomic instability required for tumorigenesis.
The high-fidelity DNA repair system has an important role in preventing the generation of genetic abnormalities, and DNA repair function abnormalities are involved in inflammation-associated carcinogenesis. The DNA repair system plays a critical role in the removal of damaged or incorrect bases and DNA resynthesis by DNA polymerase [130] . Among them, mismatch repair is an excision repair process that removes mismatched bases, protecting the genome against mutagenic activity derived from both intrinsic and extrinsic factors [130, 131] . Dysfunction of the DNA repair system, however, can trigger the emergence of somatic mutations, resulting in enhanced genetic instability. In fact, several types of congenital and acquired human cancers contain mutations or exhibit methylated silencing of DNA repair genes, including MLH1 and polymerase e (POLE) [132, 133] . We recently demonstrated that the expression level of MSH2, a representative mismatch repair protein, is downregulated by tumor necrosis factor-a in inflamed hepatocytes [134] . In addition, hepatocyte-specific defects of MSH2 result in the development of liver tumors with the histologic features of HCC. HCV infection also induces error prone polymerases that can contribute to enhance susceptibility to mutagenesis [135] . Therefore, in addition to genotoxic factors, dysfunction of the DNA repair system can contribute to the induction of genetic aberrations during hepatitis-associated tumorigenesis.
On the other hand, several previous studies revealed direct effects of HBV viral proteins on the enhanced susceptibility of genetic alterations. For instance, an in vitro study demonstrated that HBx protein induces centrosome abnormalities, leading to an increased frequency of defective mitoses and chromosome transmission errors [136] . HBx also inactivates TP53, collapses the mitotic checkpoint, and interacts with the DNA repair protein DDB1 to induce genetic instability [137] . Together, chronic inflammation caused by viral infection, direct oncogenic effects of the viral protein itself, and integrated HBV-DNA could contribute to the accumulation of genetic aberrations in hepatitis virus-infected liver.
Consistent with the presumed enhanced genetic instability of the liver underlying hepatitis virus infection in in vitro and in vivo models, genetic aberrations are detected in human cirrhotic liver tissues with hepatitis virus infection. We performed whole exome sequencing of HCV-positive cirrhotic liver tissues and elucidated the landscape of somatic mutations that latently accumulate in the liver following chronic HCV infection [138] . A number of somatic mutations are detectable in cirrhotic liver tissues, and the mutation signatures detected in cirrhotic liver are similar to those observed in HCC tissues. Importantly, mutations of cancer-related genes, including TP53 and CTNNB1, are detected in cirrhotic tissues, while variant allele frequencies are lower than those of tumor tissues. These findings suggest that HCV-infected cirrhotic liver tissues possess various genetic aberrations, providing the putative basis of tumorigenesis in cirrhotic HCV-infected liver [138] . Similarly, genetic alterations are already detectable in HBV-positive cirrhosis liver during the early phase of hepatocarcinogenesis. Nault et al. analyzed the genetic alterations of dysplastic nodules (DNs), pre-neoplastic lesions in liver cirrhosis infected with HBV, and demonstrated that TERT promoter mutations are detected in DNs and additional mutations in cancerrelated genes including TP53 and CTNNB1 are gained along with disease progression from early HCC to progressive HCC [139] .
Epigenetic alterations accumulated in hepatitis virus-infected liver
Changes in the DNA methylation status are considered to be an early event in hepatocarcinogenesis [140] . Similar to genetic aberrations, epigenetic aberrations, including DNA hypomethylation and/or promoter gene CpG hypermethylation, are observed in the noncancerous liver tissues, such as cirrhotic nodules or DNs [141] [142] [143] . Although the mechanisms of the generation of epigenetic aberrations are not fully understood, epigenetic aberrations are caused by inflammation-related processes as well as direct effects of the hepatitis viral proteins. Chronic inflammation by viral infection disrupts the DNA methylation status through the immune response as well as by the induction of ROS. HBV or HCV infection induces genome-wide, time-dependent changes in DNA methylation in infected mice with humanized livers. Inhibition of natural killer cells or administration of a neutralizing IFN-c antibody inhibits methylation changes, suggesting that natural killer cell function is a key player in inducing aberrant DNA methylation in human hepatocytes after initial HBV and HCV infection [144] . ROS induced by chronic HCV infection could alter histone modification to the repressive form at CpG island-containing tumor suppressor gene promoters, leading to tumor suppressor gene inactivation [145] . These findings suggest that chronic inflammation associated with hepatitis virus infection might cause epigenetic alterations through the immune response as well as through the induction of oxidative stress.
A direct effect of the viral protein is also reported to contribute to the emergence of epigenetic aberrations in the liver with hepatitis virus infection. For example, HBx protein directly binds the chromatin complex and increases the activity of DNMT through the upregulation of DNMT1 and DNMT3A1. Targeted deregulation of DNMT by HBx is considered to promote both specific regional hypermethylation and global hypomethylation in HBV-infected HCC patients [146] . The IGFBP-3 promoter region was hypermethylated in HBx-positive noncancerous tissues as well as HCC tissues, whereas regional hypermethylation was not detected in HBx-negative noncancerous tissues. Thus, HBx protein may play a direct role in altering the DNA epigenetics in HBV-infected hepatocytes.
In clinical specimens, HCV-infected liver tissues have a number of methylated tumor suppressor genes. Methylation of tumor suppressor gene promoters is more prominent in HCV-positive liver tissues than in HBV-positive or hepatitis virus-negative liver tissues [90] . In addition, methylation of tumor suppressor gene promoters is more prevalent in liver cirrhosis than in chronic hepatitis [147] . These findings suggest that chronic HCV infection accelerates the methylation process. Nishida et al. classified methylation events into three patterns: methylation events showing prominent differences between non-cancerous liver and early HCC, methylation events showing a gradual increase with tumor Fig. 2 Tumor development in the liver after eradication or suppression of hepatitis viruses. Genetic and/or epigenetic aberrations might accumulate in the background in the liver along with long-term hepatitis virus infection. Although antiviral therapies eradicate HCV or suppress HBV, these genetic and/or epigenetic aberrations that accumulate in chronically damaged liver tissue could persist unchanged and provide the basis of HCC development after anti-viral therapy progression, and methylation that is detected only in advanced tumors. Thus, the patterns of these methylation events have tremendous diversity [140] . Importantly, elevated levels of methylation detected in early HCC are also observed in non-cancerous liver, although the levels are much lower than those in HCCs [90] . With regard to clinical importance, the number of methylated tumor suppressor genes in the HCV-infected liver is positively correlated with time-to-HCC occurrence [140] .
Several studies evaluated the accumulation of DNA methylation during multistep carcinogenesis. Lee et al. investigated the methylation status of CpG islands of several genes to determine the methylation profile of multiple tumor-related genes during multistep hepatocarcinogenesis, using tissues of hepatitis virus (mainly HBV)-associated chronic hepatitis, liver cirrhosis, DNs, and HCC. The DNA methylation frequencies of the genes examined increased as the liver disease progressed [141] . Um et al. examined the methylation status of several tumor-related genes in low-grade DNs, high-grade DNs, and early HCC with HBV infection, and demonstrated a stepwise increase of methylating events during HBV-related multistep hepatocarcinogenesis [142] . They also suggested that epigenetic changes frequently occur in the early stages of HCC development [142] .
Conclusions
Recent progress in genomic analyses, including whole genome/exome sequencing, has rapidly unveiled the landscape of genetic and epigenetic aberrations during the process of hepatitis virus-associated hepatocarcinogenesis. Noteworthy is that a variety of molecular alterations latently occur in hepatitis and/or cirrhotic liver tissue. The fact that genetic and/or epigenetic aberrations have already accumulated in the background liver along with long-term hepatitis virus infection strongly suggests that chronically damaged liver tissue possesses significant malignant potential, even after eradication or suppression of the infecting hepatitis viruses (Fig. 2) . Thus, further clinical examination is necessary to determine which patients are likely to develop HCC despite anti-viral therapy, and which patients indicated for anti-viral therapy for complete prevention of HCC development. Furthermore, HCCs are caused not only by hepatitis virus infection but also other etiologies, such as steatohepatitis and alcohol intake [148] . Thus, these factors should be taken into consideration as additional risk factors that may enhance HCC development after the completion of anti-hepatitis virus therapy. All clinicians should be aware that hepatocarcinogenesis cannot be fully prevented by anti-viral therapy alone and attention should be paid to the multiple factors associated with hepatocarcinogenesis, including individual life style.
